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Abstract
Moisture damage is one of the common causes of asphalt pavement failure in moisture presence. One of the convenient 
approaches to decreasing moisture sensitivity in hot-mix asphalt is coating the aggregate surface with a suitable agent. In this 
study, the effects of polyethylene terephthalate on moisture damage of asphalt mixtures were evaluated by applying indirect 
tensile strength and resilient modulus tests. The asphalt specimens were prepared with two types of aggregates (granite and 
limestone) and neat asphalt binder of 60/70 penetration grade. The results showed that the ratio of wet/dry values of indirect 
tensile strength and resilient modulus for mixtures containing limestone was higher than those of the samples with granite 
aggregate. Furthermore, the results of the laboratory tests indicate that polyethylene terephthalate improves resistance to 
moisture susceptibility. Because polyethylene terephthalate increases the wettability of asphalt binder over the aggregate and 
the adhesion between the asphalt binder and aggregate, especially in the mixtures containing acidic (granite) aggregate prone 
to moisture damage.
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1 Introduction
Construction and rehabilitation of road pavements is 
a major concern all over the world due to limited resources. 
The empirical design was gradually replaced by the mech-
anistic-empirical models due to limitations in the selec-
tion of design inputs. A variety of mechanistic-empiri-
cal models have been used in the last decade to consider, 
in addition to the impact of traffic load, the analysis of 
environmental impacts on design inputs [1, 2]. One of the 
environmental parameters affecting the pavement perfor-
mance is moisture, which causes moisture damage in it.
The presence of water in road pavement layers is evi-
dent for unbound granular layers such as subgrades and 
subbase layers; however, its presence in and between 
bound layers, especially asphalt layers, is still consid-
ered a novelty to the wider professional community, 
despite numerous publications have been available in this 
field since the 1960s [3]. Invasion of moisture into the 
asphalt layers reduces its strength and promote distresses 
(for example stripping, raveling, fatigue damage, and/or 
permanent deformation). Two types of factor can increase 
the moisture susceptibility of the asphalt mixture: inter-
nal and external factors. The internal factors are related to 
the properties of the materials and the microstructure dis-
tribution, while the external factors include the environ-
mental conditions, production and construction practices, 
pavement design, and traffic level [4].
Additives have been used for improving the perfor-
mance of HMA pavements to various distresses. The use 
of the anti-stripping agent is the most common method 
to improve the moisture susceptibility of asphalt mix-
tures [5]. In order to improve adhesion and reduce mois-
ture sensitivity in asphalt mixtures, two general catego-
ries of anti-stripping agents become apparent. The first 
category suggests the aggregate surface to be coated by 
a suitable agent that will reverse the predominant elec-
trical charges at the surface and thus reduce the surface 
energy of the aggregate. The second approach is to reduce 
the surface energy of the binder with suitable agents 
and give an electrical charge opposite to that of the aggre- 
gate surface [6].
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1.1 Literature review
Of the many ways to prevent moisture damage in pave-
ments, the use of anti-stripping additives is deemed the 
most effective. Wasiuddin et al. [7] evaluated the mois-
ture sensitivity of two types of HMA mixtures made with 
two types of aggregate with and without styrene-butadi-
ene- rubber (SBR) treatment for moisture-induced dam-
age potential. SBR coating altered the aggregate surface 
from hydrophilic to hydrophobic and thereby increased 
the wettability of the asphalt binder over the aggregate. 
Tohme et al. [8] examined the resilient modulus and ten-
sile strength properties of the field mixed-laboratory com-
pacted samples measured at both unconditioned and con-
ditioned stages, and showed that the mixtures treated 
with hydrated lime on both projects (SD-314 and US-14) 
exhibited better moisture resistance the control and mix-
tures containing liquid anti-stripping agents. The superior 
performance of the mixtures treated with hydrated lime 
was shown by higher retained strength after the moisture 
conditioning process.
Sohrabi et al. [9] studied the effect of modifying aggre-
gate surface by micronized calcium carbonate on increas-
ing the moisture resistance of asphalt mixtures. The results 
obtained by mechanical methods show that modification 
of aggregates surface causes an increase in the tensile 
strength ratio (TSR) in the samples made by both two types 
of asphalt binder. In addition, results of surface free energy 
method indicate the increase of adhesion energy (except 
in granite samples) and reduction of de-bonding energy 
in all modified samples. Generally, evaluations conducted 
by the use of both methods show that covering aggregates 
by micronized calcium carbonate has a positive effect on 
reducing moisture sensitivity of asphalt mixes.
In another study, the hydrophobic coating on aggregate 
surfaces was used to reduce moisture damage in asphalt 
mixture. The results obtained in the study indicate that the 
hydrophobic coating on the surface of the aggregate has 
caused the acidic and basic components of surface free 
energy to reduce and increase, respectively. The changes 
have caused an increase in the adhesion of the asphalt binder 
aggregate and the better wettability of asphalt binder over 
the aggregate. Finally, the treatment of aggregate surface 
with hydrophobic agent reduced the difference between the 
free energy of adhesion of aggregate-asphalt binder in dry 
and wet conditions, decreasing the rate of moisture dam-
age [10]. Also, Akbari and Modares [11] have investigated 
the effect of utilizing Nano clay (NC) and Nano Limestone 
(NL) on asphalt mixtures durability during freeze-thaw 
cycles. The result of this study revealed that the addition 
of NC and NL increased the indirect tensile strength and 
resilient modulus of HMA. Therefore, moisture suscepti-
bility potential of modified HMA was decreased. 
1.2 Statement and objectives of the present study
The most imperative purpose of this investigation is to 
increase the resistance of asphalt mixtures against mois-
ture damage. In order to accomplish that, the materials 
of asphalt mixtures are modified in order to increase the 
resistance of mixtures. According to the literature review, 
it can be seen that the most effective way to create asphalt 
mixtures resistant to moisture damage is using anti-strip-
ping materials. Many additives are studied to be feasible 
in asphalt mixtures, some key factors like making asphalt 
mixtures resistant to moisture (the most important purpose 
of this study), non-existent issues in other technical speci-
fications of the mixture, performance considerations, eco-
nomic considerations and environmental considerations 
are found to be most significant parameters for designers.
In this study to reduce moisture susceptibility is the use 
of a coating aggregate treatment system providing a pro-
tective barrier on the aggregate, which repels water and 
waterproofs the aggregate while providing an improved 
bonding with the asphalt binder. Hence, the effect of 
Freeze-thaw cycles on moisture damage in modified HMA 
with PET using indirect tensile strength (ITS) and resilient 
modulus (Mr) tests are investigated.
The specific objectives of this study are to:
• Evaluate the effect of PET as an anti-stripping agent 
on the moisture damage of HMA,
• Evaluating the behavior of HMA mixtures under 
ITS and Mr tests in dry and wet conditions with and 
without PET treated aggregates,
• Selection of aggregate, asphalt binder and anti-strip-
ping additive systems which are more resistant to the 
moisture damage.
2 Materials 
2.1 Aggregate and asphalt binder
Granite and limestone aggregates with relatively high 
and low moisture susceptibility were used to study the 
effect of PET. The chemical composition of the aggregates 
were obtained using X-ray fluorescence (XRF) test and 
presented in Table 1. The physical properties of the two 
types of aggregates are given in Table 2. Aggregates gra-
dation was selected according to ASTM D3515-01 [12] as 
shown in Fig. 1. 
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The asphalt binder with a 60/70 penetration grade (PG 
58-16) was utilized. The conventional test was performed 
to derive asphalt binder properties, and results are pre-
sented in Table 3.
2.2 Additives
Polyethylene terephthalate (PET) is a general-purpose 
thermoplastic polymer which belongs to the polyester 
family of polymers. Polyester resins are known for their 
excellent combination of properties such as mechanical, 
thermal, chemical resistance as well as dimensional stabil-
ity. The PET is highly flexible and semi-crystalline resin 
in its natural state. Depending upon how it is processed, 
it can be semi-rigid to rigid. It shows good dimensional 
stability, resistance to impact, moisture, alcohols and sol-
vents [26]. The molecular structure of PET is shown in 
Fig. 2. Also, the properties of PET are given in Table 4.
3 Experimental setup and procedure 
Flowchart of experimental design of this study is presented 
in Fig. 3. Furthermore, three HMA samples were prepared 
for each test condition and combination of asphalt binder 
and aggregate to determine the reproducibility of the results.
3.1 Aggregate coating
In the PET coating method, the PET with 2, 4, 6, 8 and 10 % 
by coarse aggregate weight is added and mixed with aggre-
gate. The sufficient temperature of the created mixture for 
Table 1 Chemical composition of the two types of aggregates
Properties Limestone Granite
Silicon dioxide, SiO2 (%) 4.5 78.1
Aluminum oxide, Al2O3 (%) 3.2 12.3
Ferric oxide, Fe2O3 (%) 1.1 2.5
Magnesium oxide, MgO (%) 5.6 0.6
Calcium oxide, CaO (%) 73.4 2.1
Table 2 Physical properties of the two types of aggregates
Test Standard Limestone Granite Specification limit
Specific gravity 
(coarse agg.)
ASTM C 127 
[13]
Bulk 2.715 2.755 –
SSD 2.732 2.763 –
Apparent 2.761 2.789 –
Specific gravity 
(fine agg.)
ASTM C 128 
[14]
Bulk 2.722 2.761 –
SSD 2.739 2.768 –




[15] 2.740 2.759 –
Los Angeles 
abrasion (%)
ASTM C 131 




ASTM D 4791 
[17] 4.1 6.7 Max 10
Sodium sulfate 
soundness (%)
ASTM C 88 
[18] 3.32 2.1 Max 10-20
Fine aggregate 
angularity
ASTM C 1252 
[19] 47.21 59.15 Min 40
Fig. 1 Aggregate gradation used in this study
Table 3 Results of the experiments conducted on asphalt binder used in 
this study
Test Standard Result
Penetration (100 g, 5 s, 25 ºC), 0.1 mm ASTM D5 [20] 66.8
Penetration (200 g, 60 s, 4 ºC), 0.1 mm ASTM D5 [20] 25
Penetration ratio ASTM D5 [20] 0.36
Ductility (25 ºC, 5 cm/min), cm ASTM D113 [21] 112
Solubility in trichloroethylene, % ASTM D2042 [22] 98.9
Softening point, ºC ASTM D36 [23] 47.1
Flash point, ºC ASTM D92 [24] 273
Loss of heating, % ASTM D1754 [25] 0.72
Fig. 2 Molecular Structure of Polyethylene Terephthalate (C10H8O4)n
Table 4 Properties of PET was used in this study
Test Standard PET
Density(g/cm3) ASTM-D792 [27] 0.95
Water Absorption, 24 hours (%) ASTM-D570 [28] 0
Tensile Strength (MPa) ASTM-D638 [29] 21.5
Tensile Elongation at Yield (%) ASTM-D638 [29] 770-800
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the melting of PET and spreading it over the aggregate sur-
face is 240-250 ºC. To avoid aggregate lumping, the pro-
duced mixture is mixed slowly for 5 minutes. The steps for 
preparing aggregates are shown in Fig. 4.
3.2 Mix design methodology
Asphalt mixtures were designed by Marshall mix design 
method according to ASTM D6927 – 15 [30]. Two series 
of Marshall specimens were produced. The first series that 
contained different amounts of asphalt binder was used for 
determining the optimum asphalt binder and the second 
series was used with the optimum asphalt binder for eval-
uating moisture damage of the asphalt mixtures.
The optimum asphalt binder content for the asphalt 
mixtures was obtained from the average of three different 
amounts of asphalt binder in order to meet the following 
conditions:
1 Asphalt binder content corresponding to maximum 
stability;
2 Asphalt binder content corresponding to maximum 
bulk specific gravity; and
3 Asphalt binder content corresponding to 4 % air voids 
in the total mix.
The flow value, voids mineral aggregate (VMA) and 
voids filled with bitumen (VFB) are checked with the 
Marshall mix design specification. Therefore, due to the 
above issues, the optimum asphalt binder content for mix-
tures containing granite and limestone were obtained as 
5.1 % and 5.5 %, respectively.
3.3 Moisture susceptibility determination of HMA
Indirect tensile strength test (AASHTO T283) [31] and 
resilient modulus (ASTM D7369) [32] determine the 
HMA moisture damage in a certain temperature and dam-
age mechanism based on the mechanical loading applied 
to three different freeze-thaw cycles (1, 3 and 5) on asphalt 
mixture samples.
The wet samples are first saturated with relative vac-
uum conditions (absolute pressure of 13-67 kPa) for five 
minutes. Then they are kept in a submerged state and 
without vacuum conditions for 5–10 minutes. The samples 
are then taken out and their mass is measured and per-
centage of saturation of the samples is obtained. If the sat-
uration percentage is less than 70 %, the samples should 
be placed under vacuum conditions again. If sample sat-
uration is more than 80 %, the sample is considered to 
be damaged and a new sample should be made instead. 
Lower vacuum times must be considered for the new sam-
ples so that their saturation to be between 70 and 80 %. 
Saturated samples are placed inside plastic bags and 10 
Fig. 3 Flow chart of experimental design of this study
Fig. 4 Steps of aggregate surface coatings: (a) aggregate & PET 
(b) initial mixing (c) Initial heating (d) final coating
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ml of water are poured inside the bags. The samples are 
stored inside the freezer at –18 °C for 16 hours. Then, the 
samples were taken to a hot water bath at 60 °C. They are 
then taken out of plastic bags and allowed to remain at 
this temperature for 24 hours. At the end, the samples are 
brought to room temperature (25 ° C); in this way, they are 
called wet samples [31].
The tensile strength ratio (TSR) index which is calcu-
lated from Eq. (1) can be used to determine the moisture 
damage potential of HMA. It is believed that the higher 













in which, ITSwet is the average ITS value of the wet set sam-
ples that are subjected to freeze-thaw cycles, and ITSdry is 
the average ITS value of the dry set samples.
Also the resilient modulus ratio (RMR) can be deter-













where Mrwet is the average Mr value of the wet set samples, 
and Mrdry is the average Mr of the dry set samples.
Although it has remained a challenge for researchers 
to present a practical test procedure to determine mois-
ture damage of asphalt mixture, these mentioned tests 
(ITS and Mr) has been accepted and widely used [33].
4 Results and discussion 
4.1 Indirect tensile strength test 
The ITS values of asphalt mixtures are determined accord-
ing to AASHTO T283 standard test, and results are pre-
sented in Figs. 5 and 6. As shown in these figures, the ITS 
values for each dry and wet sample of a mix with and 
without PET under dry and wet conditions are compared. 
Considering these figures, the ITS decreased by increas-
ing freeze–thaw cycles. This was expected because the 
presence of water causes a reduction in asphalt-aggregate 
adhesion, and thus the strength of asphalt mixture samples 
decrease under loading. As mixtures containing modified 
limestone with 2, 4, 6, 8, and 10 % PET have 1.07, 1.13, 
1.44, 1.28, and 1.21 times more tensile resistance than con-
trol mixtures at 5 freeze–thaw cycles, respectively. These 
values for mixtures with granite aggregate are 1.1, 1.19, 
1.51, 1.32, and 1.26 %, respectively.
This result was obtained in the previous research as 
well [34, 35]. In addition, it is observed that the use of PET 
additive to 10% led to the improvement of the strength of 
modified asphalt mixtures compared to control samples. 
The main reason of this change is that in aggregate mod-
ified with PET, aggregate- asphalt binder adhesion will 
be increased. Also, as can be seen, the 6 % PET is opti-
mal content for both aggregates (limestone and granite). 
Because the use of more PET (8 % and 10 % in this study) 
reduces the workability and therefore the mixing and com-
paction of asphalt samples will be difficult.
Figs. 7 and 8 showed the unconditioned and moisture 
conditioned TSR properties of the HMA for two types of 
aggregates. The TSR of the control mixtures (without PET) 
containing limestone is greater than those of control mix-
tures containing granite, which leads to better resistance 
against moisture damage. Since granite has more SiO2 
compared to limestone, this causes a reduction in the bond 
between asphalt and aggregate in the presence of water. 
The data also shows that the TSR values are significantly 
improved with the addition of PET for both aggregates. 
Most aggregates have electrically charged surfaces (polar 
surfaces). Asphalt binder, which is composed chiefly of 
high molecular weight hydrocarbons, exhibits little polar 
activity; therefore, the bond that develops between asphalt 
Fig. 5 Unconditioned and conditioned ITS values in samples containing 
granite aggregate
Fig. 6 Unconditioned and conditioned ITS values in samples containing 
limestone aggregate
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and an aggregate is primarily due to relatively weak dis-
persion forces. PET treatment alters the aggregate surface 
by increasing its non-polarity for increased wettability of 
asphalt on the aggregate. All of the TSR values of the PET-
treated mixtures are well above 77 % for 1 freeze-thaw 
cycle. Also, the samples made by limestone and 6 % PET 
have the highest amount of the indirect tensile strength 
ratio (87 %) in the first cycle and this amount is reduced to 
61 % at the fifth cycle.
As depicted in Figs. 7 and 8, the use of PET had a lower 
impact on the strength of asphalt mixtures made with 
limestone aggregate. This can be due to the proper asphalt 
binder -aggregate adhesion in the base state, as the lime-
stone aggregates create a suitable adhesion with asphalt 
binder, which is an acidic matter. The use of PET also 
enhances the strength of specimens containing this aggre-
gate to the same amount in both dry and wet conditions. 
This leads to a slight improvement in the index of the indi-
rect tensile strength to moisture in specimens made with 
this kind of aggregate. However, in contrast, regarding 
specimens made with granite acidic aggregates, the use 
of PET has remarkably improved the performance of the 
asphalt mixture against moisture.
4.2 Resilient modulus test 
ASTM D7369 [32] standard test was conducted to deter-
mine Mr values and the results are shown in Figs. 9 and 10. 
In this method similar to ITS test, HMA samples are sub-
jected to various freeze-thaw cycles. Resilient modulus is 
an engineering property that describes the stress-strain 
relationship of the HMA mix. A reduction in the resil-
ient modulus property after freeze-thaw cycling leads to 
an increase in the strain experienced by the HMA mix-
ture due to traffic induced stresses. As the HMA is sub-
jected to higher strain, its tendency to experience rutting 
and fatigue cracking would increase [36].
The results show that mixtures with PET have a higher 
resilient modulus than those of the control mixture in 
wet conditions. This means that the use of PET causes 
an increase in the strength of the mixtures against mois-
ture. The higher wet resilient modulus of PET mixtures 
could be related to the fact that inclusion of PET increases 
the strength of the mixture due to interlocking phenom-
enon thus making the mixture more resistant to moisture 
damage. Interlocking strength has been increased due to 
penetration of melted PET into the voids of aggregates. 
That part of PET which has penetrated to the surface voids 
Fig. 7 Effect of PET and Freeze–Thaw Cycles on TSR of Mixtures containing granite aggregate
Fig. 8 Effect of PET and Freeze–Thaw Cycles on TSR of Mixtures containing limestone aggregate
382|Khodadadi et al.Period. Polytech. Civ. Eng., 65(2), pp. 376–384, 2021
of aggregates constructs a continuous combination with 
that part of PET located in the space between an aggre-
gate and other aggregates. Hence, interlocking strength 
between aggregate and asphalt binder increases. Such 
a continuous combination is connected with the surface 
of aggregate on one side and with the asphalt binder on 
the other side. The usage of the aggregate coating does not 
have notable change in the resilient modulus of the uncon-
ditioned samples.
Figs. 11 and 12 show the ratio of wet/dry resilient mod-
ulus for the HMA mixtures treated with different values of 
PET coating. The data of this figure shows that for the two 
Fig. 9 Unconditioned and conditioned resilient modulus values of 
samples containing granite aggregate
Fig. 10 Unconditioned and conditioned resilient modulus values of 
samples containing limestone aggregate
Fig. 11 Effect of PET and Freeze–Thaw Cycles on RMR of Mixtures containing granite aggregate
Fig. 12 Effect of PET and Freeze–Thaw Cycles on RMR of Mixtures containing limestone aggregate
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types of aggregate, the use of PET coating has a signifi-
cant increase in the RMR. This increase in RMR is higher 
in the samples containing granite aggregate that are prone 
to moisture damage. In the samples containing limestone 
aggregate, the use of PET has less improvement in RMR in 
comparison to the samples containing granite aggregate.
On the other hand, the results show that when the num-
ber of freeze-thaw cycles increases the reduction in RMR 
percentage of modified mix is smaller than control sam-
ples. For instance, applying 5 cycles to samples containing 
granite aggregate and 2, 4, 6, 8 and 10 % of PET causes 
a decrease of 22.1 %, 19.5 %, 18.8 %, 20.6 % and 21.1 % 
in RMR, respectively. While the RMR reduction per-
centage of control samples is 30.1%. This indicates that 
under various freeze-thaw cycles, the modified samples 
have higher moisture resistance compared to the unmo- 
dified samples.
5 Conclusions 
This research was conducted with the aim to evaluate 
the effect of using PET to cover and modify aggregates 
surface on the reduction of moisture damage of asphalt 
mixes. Accordingly, the indirect tensile strength and resil-
ient modulus tests in various cycles of freeze-thaw were 
used to evaluate moisture resistance of HMA. The most 
important results obtained by the above tests are presented 
in the following section:
• Asphalt mixtures prepared with PET have less mois-
ture damage potential compared to the control mix-
tures. This was true for specimens of both types of 
aggregates.
• PET treatment of the aggregate increases the ITS 
and Mr values in wet condition, which shows that 
PET treatment of the aggregate reduced the moisture 
sensitivity of the mixtures.
• The mixtures prepared with limestone aggregates 
and PET treatment indicates the highest values of 
TSR and RMR for wet/dry condition. This means that 
the moisture sensitivity of these mixtures is reduced.
• The PET coating changes the surface of hydropho-
bic aggregates to hydrophilic and thus, aggregates 
repel the water. PET fills the small voids of aggre-
gates and acts such as a buffer between aggregate 
surface and asphalt binder.
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